A review is presented of advances and challenges in fully integrated systems for personalised medicine applications. One key issue for the commercialisation of such systems is the disposability of the assay-substrate at a low cost. This work adds a new dimension to the integrated circuits technology for lab-on-a-chip systems by employing 3D integration for improved performance and functionality. It is proposed that a disposable biosensing layer can be aligned and temporarily attached to the 3D CMOS stack by the vertical interconnections, and can be replaced after each measurement.
Introduction: Personalised medicine approaches are based on the detection and/or quantification of molecules of different natures, such as nucleotides, proteins and drugs in patients' samples. These methods call for multi-site assays having outstanding performance in terms of selectivity and sensitivity, while employing low volume samples. Avoiding complicated sample preparation procedures and post-processing of results is a further desirable feature in order to reduce the cost and allow widespread usage. Such requirements let microfabrication and semiconductor technologies play a key role in the development of these multi-function, highly automated tools.
Moreover, the employment of micro-and nano-sized molecular sensors, which measure the intrinsic properties of surface captured targets, enables the real-time observation of molecular binding events, providing a powerful means to characterise the sample. Among these, silicon nanowires and carbon nanotubes (CNTs) have been widely investigated in recent years for their capability to provide a signal upon detection of a very low number of molecules [1] . In general, label-free approaches, which also include microelectrode impedance techniques, could overcome some limitations of existing techniques for molecular sensing, in particular the intrinsic variability and the limited lifetime of the fluorescence signal [2, 3] .
In this framework, our community has successfully implemented a number of microfabrication solutions targeting the integration of semiconductor technologies with advanced microfluidic elements through the combination of different materials and a variety of patterning techniques. To mention a few, integration of biocompatible electrodes on CMOS chips [4] , CNT and CMOS integration [5] , polymer functionalised on-chip electrodes [6] , and integration of silicon sensors in polymer (PDMS or SU8) microfluidic systems [7] are among recent examples of semiconductor-based systems for lab-on-a-chip applications. The implementation of microsystems having integrated fluidics together with sensing and data processing functions may, however, imply additional post-processing costs, material compatibility issues, and packaging difficulties [8, 9] . Last but not least, one of the major issues for the commercialisation of these devices is the disposability of the assay substrate, which is required in most of the concerned applications. For these reasons, promising CMOS-based lab-on-a-chip, such as microelectrode arrays [10] and DNA sensor arrays [11] , were so far developed only for research purposes.
To overcome these issues, so-called passive-electronic biosensors, connected to off-chip readout and control electronics [12] , have been developed as opposed to fully-integrated active-electronic biosensors. Fig. 1 illustrates the major differences between these two types. In systems based on passive chips, the electrode array density and the overall performance are limited owing to long interconnections between the sensing sites and the electronics, while active biosensors enable superior electrical performance and higher array densities. In particular, as will be discussed in what follows, the lab-on-a-chip approach would greatly benefit from the employment of the most advanced integrated circuits techniques, such as 3D integration technology [13] . In this Letter, we present our approach and solutions to overcome some of the difficulties related to the realisation of fully integrated semiconductor-based systems for personalised medicine applications.
3D heterogeneous integration:
As conventional CMOS technology is approaching its scaling limits, three-dimensional integrated circuit (3D-IC) technology offers new possibilities for the realisation of faster and more compact ICs. This emerging technology enables the integration of multiple layers with vertical interconnections, providing potential performance and functionality improvements even in the absence of continued device scaling.
Today, there has already been extensive research on 3D memories and multiprocessors, where each individual chip in the stack has identical or similar properties. 3D-IC technology also offers novel opportunities for the realisation of systems comprising heterogeneous layers, such as MEMS, analogue or digital LSI. We believe that this technology holds great promise for biosensing applications as well, where the bioanalytical devices, the analogue front-end, and the digital signal processing circuits are vertically stacked and electrically connected by silicon vias (TSVs) [14] .
Here, we can mention some potential advantages of 3D integration by considering a complete biosensing system. The weak signals generated in response to biological activities have to be converted to meaningful signals by low-noise amplifiers, and the analogue signal should then be digitised and processed in the digital domain. In traditional planar CMOS technology, it is desired to integrate the analogue and digital circuits on a single silicon substrate due to cost, packaging, and performance considerations. However, digital circuits usually favour technology scaling while analogue circuits do not necessarily, leading to lower performance analogue circuits in the state-of-the-art technologies. Moreover, noise coupling is one of the major issues in mixedsignal ICs. In the absence of major precautions in the design, the layout and the package, the switching noise generated by the digital circuit can couple to the analogue part via the substrate, the interconnections, the wirebonds and the package. This noise coupling degrades the performance of the analogue circuits, which at the end affects the performance of the overall system. On the other hand, in heterogeneous integration, the analogue and digital circuits are fabricated in different technologies offering best performance for each. Moreover, the analogue and digital circuits do not share the same substrate, which potentially decreases the noise coupling. The wirebonds and long interconnections are replaced by TSVs, offering performance improvements in terms of noise, speed, and power. Finally, the fabrication of the sensor is completely decoupled from the CMOS fabrication, which solves potential compatibility issues (material compatibility, thermal budget, wafer size etc.)
Besides its functionality and performance improvements, heterogeneous 3D integration brings many challenges. For instance, we consider TSV fabrication by post-processing as one of the most crucial ones. For this purpose, we have recently demonstrated a fully CMOScompatible TSV fabrication platform for die-level heterogeneous integration [15] . The proposed technique involves reconstituting a wafer from diced chips, fixing and sealing them with Parylene deposition, and postprocessing by stencil lithography. This method enables the batch processing of known good dies (KGDs) regardless of their size and the substrate thickness. In this approach, the TSV fabrication starts with etching the Al pads, dielectric layers and the silicon by die-level stencil lithography. Then, the TSVs are finalised by Parylene sidewall passivation and bottom-up Cu electroplating. Fig. 2 shows the SEM photo of the fabricated TSVs. With the combination of the proposed techniques, TSV aspect ratios higher than 6:1 are demonstrated on dummy chips. Currently, we are also developing microfabrication techniques for die-level substrate thinning and bonding. 
steps may degrade the protection layers (such as the layers protecting the wirebonds), and may damage the sensitive electronics. Moreover, even after intensive cleaning, it is usually difficult to revert the sensor to the initial state. This limits the repeatability and reliability of the measurements. Furthermore, especially in clinical diagnostic applications, it is preferred to use the disposable sensor to avoid any possible cross-contamination. One solution is to dispose of the complete system after each measurement. Using the active-electronic biosensor only once can be acceptable for research purposes, but it will not be very attractive in the market due to economic reasons, especially for a 3D integrated chip stack. The other solution is to use the active electronics repeatedly and substitute the used biosensing area with a new one after each measurement. Therefore, in this Letter, we propose a new system comprising vertically stacked electronics and a layer of biosensing sites atop, which can be attached and detached in the field [16] . Fig. 3 shows an illustration of the proposed 3D integrated labon-a-chip. Fig. 3 Illustration of 3D integrated biosensor with detachable and disposable biosensing layer [16] This approach combines the advantages of both active-electronic and passive-electronic (disposable) biochips in one system. The top sensing layer is temporarily attached to the analogue interface circuit through vertical interconnections. These allow the fabrication of high density multi-target arrays since they solve the horizontal signal routing problem encountered in disposable biosensors. In addition, since the interface electronics is in the direct neighbourhood of the array, weak sensor-signals can be amplified while being minimally affected by the parasitic effects, thus leading to considerable improvement in sensitivity and signal integrity. Analogue outputs are converted to digital signals through on-chip analogue-to-digital converters and processed by dedicated digital electronics. Hence, the signal processing required to solve complex algorithms for target identification can be accomplished on the system. This technology also allows employing different measurement techniques (cyclic voltammetry, impedance measurement etc.) by simply replacing the top sensing layer and configuring the analogue front-end accordingly.
In addition to the electrical improvements, the proposed system has some potential advantages in terms of fabrication and packaging. First, the fabrication process for the replaceable top biosensing layer and the CMOS are completely decoupled; for example, we can use non-CMOS compatible processes and materials for the sensors. This eliminates some of the difficulties encountered in post-CMOS processing of integrated sensors. Moreover, temperature control is extremely important for certain biosensing applications. In active-electronic biosensors for example, the temperature may vary due to CMOS power consumption. In the disposable layer approach, the temperature coupling between the CMOS and the sensing part can be reduced to some extent. Last but not least, protecting the wirebonds from the solutions is a serious packaging problem in CMOS-based sensors. Since we replace the wirebonds with the TSVs and protect the CMOS chip with the silicon housing, the CMOS chip is not exposed to the liquids any more.
To demonstrate the feasibility of the system, we are developing test vehicles through standard microfabrication processes. In the first generation, which involves rigid micro-contacts, the interconnections are fabricated by silicon etching and electroplating. First, the silicon is etched by DRIE to form the vias. Then, the contact openings are fabricated by KOH etching, where the via sidewalls are protected by a thermallygrown oxide layer. Following the etching steps, the openings are filled with Ni electroplating. The backside of the wafer is then etched by DRIE to reach the electroplated micro-contacts and to have an opening where the CMOS stack can fit inside. Fig. 4 shows the SEM photos of the front-side of the wafer after the etching steps, and backside of the wafer after Ni electroplating and back-side silicon etching. These types of rigid contacts, however, do not offer the spring function. Therefore, electrical contact is not always guaranteed for all connections owing to possible height differences. Also, rigid contacts may give an erosion problem on the CMOS pads, which degrades the reusability of the electronics. Thus, in the second generation, we focused on springcontact interconnections. 5 shows an illustration of the disposable biosensing layer with the spring contacts. For many years, such contacts have been employed for MEMS probe cards for IC testing [17, 18] . Recently, the feasibility of the spring contacts in CMOS-biosensor integration has also been demonstrated [19] . In our approach, we use special geometries which enable us to pattern the contacts aligned to {111} crystal planes. A very conformal Parylene deposition is employed to form the springs and to close the openings. The electrical connections between the electrodes and the contacts are achieved by sputtering a metal film through the openings. The wafer backside is then etched by DRIE to form a silicon frame for the CMOS chip placement. Finally, the springs are released by maskless Parylene etching from the backside. Fig. 6 shows an SEM photo of the contacts after backside silicon etching and before anisotropic Parylene etching. Finally, since the whole idea is based on the replacement of the sensing chip on top of the electronics, the alignment accuracy is of central importance. For a compact and low-cost biosensing system, the placement technique should not employ any expensive tool and should be done easily in the field. In this sense, we propose to use the silicon frame for the mechanical alignment. Test structures are fabricated to statistically analyse the alignment accuracy in manual pick and placement of diced chips into the silicon frames [15] . Fig. 7 shows the histogram for the maximum alignment error in either direction for each chip. The measurements demonstrate that the average alignment error is 5.5 mm, which is small enough for the electrode dimensions we target. Conclusion: In this Letter, we have briefly explained our recent work on 3D integrated lab-on-a-chip with disposable and replaceable top biosensing layers. We have discussed the advantages of active-electronic biochips and the potential of employing 3D integration technology for stacking the heterogeneous layers fabricated in different technologies.
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We have presented some of our recent results on microfabricated contacts for the replaceable biosensing layer, as well as the die-level TSV fabrication platform for heterogeneous integration. Personalised medicine applications require low-cost, highly parallel, and highly sensitive solutions. We believe that these can be achieved by employing semiconductor-based sensors, where disposable layers can introduce more functionality and reduce the overall cost considerably. 
